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ABSTRACT

Fully two-dimensional , coupled thermcmchanlcal solutions of a contin-

ental rift and platform are used to model the crust and mantle structure of

a hot, buoyant mantle diapir beneath the Rio Grande rift. The thermo-

mechanical model includes both linear and nonlineiir laws of the Weertman

type relating shear stress and creep strain rate, viscosity which depends

on temperature and pressure, and activation energy, temperature dependent

thermal conductivity, temperature aq)endent coefficient of thermal expan-

sion, the Doussinesq approximation for thermal buoyancy, material convec-

tion using a stress rate that is invariant to rigid rotations, (In

elastically deformable crust, and a free surface. A priori, w(? ret!uire cl

temperature To at the free surf~ce, volumetric heating by radioactive hetl?-

gencr,lt.im, and influx of heirt q- at great depth. In addition W? specify

thcrwirl an(imechirnic~l propert.ics using a Newtonian crust ~nd non Newtoninn

m~nt.lc. Ihu III()(I(!l det.cminm thu free surf~ce velociti(?s, solid st,ltu flow

fi(?ld illthu mdtlf.l(!, ~111(1viscusity strucluru uf iiLhosl~h(~rudtld dc,Lhi*n[)-

sphurem Gnologic dat.,iincluding ,In Loconc t!rosion surf”mp ~s ,1horimll.tll

dl’l.w, rucml qwrlogic ovidmcv of reqimill up”lIft. i!l ldt(’ M{ocwN~-to-

R[’cent-f.imv(<1!] may.), rvgiml(llly (Iv(!rllglvlh)[)o!]rwphy.I.h(’L(wllmt’dl(III!I

slullidl niiLuru of Ccnozolc vole.lnism. dml !]w)!,ht!rmsI“rom 11111111.I(J XWII)Iilh!;

t.[),Istlletl[)sl]ll(!ricd~pLhs providp fllflcl,llll[qf~l.,11cmlst,rdilll,s011 LINIIIIU(IIII. WI’

slmIJllll.vrwliontll Lowl!Ir~phy ,111(1crust.,11IIIUII.flow. A \IIII. [1 [)1 :iyilllll(ll.l-i(

Illod(’1s ,

imrms

sl)hur-ic

,1!,}30(1



rift at the base of the lithosphere. qrustal spreading rates are similar

to uplift rates. The lithosphere acts as stiff, elastic ‘cap’, damping

upward motion through decreased velocities of 1 km/10 my. and spreading

uplift laterally. A p~rameter study varying material coefficients for the

Weertman flow law

9 . Ae -(E* + PV*)/RT, nE

suggests best tit values of A = 3.4 kbars-n, n = 3, E* ❑ 110 kcal/mol, and

V* . 17 cm3/mol for

01022.1023 poise.

poise. The buoyant

mantle materials provide asthenospheric viscosities of

Similar studies predict crustal viscosities of ~1025

process of mantle flow narrows and concentrates heaL

transport beneath the rift, increasps upward velocity, and broadly arches

the lithosphere.

INTR(NIUCTIOI{

(iun~?sisof d Colllill[?lltdl rift. is closply ti[?ci t,o ilnderstdnding ~t.s

thcrmdl hislidry. IIltc:qwtions of convect.ive Ii[pil(,ind II,ISSwith matcridls

of tho Iithospherv c~usu th inflin!j,mdgm 9(?ni?Sis, uplift, an ~xtensionlil

St.rl!ss St.dl, (’, notlli,ll fdul 1.i r]g, ,111(I ult,imdl.[’ly,extrusion of surfici,ll vul-

(li SCllSS t.h(! f~(i(?llli’1,1’y of 1,11[’ colli.lfl{~flf,[ll I If.tlo$l)hol’{!. lhw kw tIIMiSIIithsoII

(l!)/!I)util Izud Ik)il!juor!~rllvIly (Idf,,t I.()sugg[~sl.d i(m d(ulsil,ySIII ,11

which llll.(!I-SIXI.% t,,yIIl(:,Il IIItIIIllP holl[li III. (h’pt.h~ 01” 2!) 1.() 31 km In il cotl-



models sugqest crustal attenuation may be accounted for by extension and

partial melting in the southern rift (Cook et al., 1979). In ti]e northern

rift, a mass def”,ciency of *0.1 g/cm3 for the upper mantle is caused by a

mantle diapir with high temperatures beneath the rift (Bridwell, 1976); a

second paper, using steady-state conductive models acd estimates of the

geotherm from surface heat flow and a conductive lithosphere predicted a

viscosity minima of 1020 poises beneath the rift with an associated

increase in effective stress gradimts in the crust and upper mantle

beneath the rift (Bridwell, 1978a). The physical stete of the continental

lithosphere has been characterized as having nigh temperatures, low den-

sity, low viscosity, and high effective stre$s gradients beneath the rift

at depths of 40 to 80 km (Bridwe;l, 1978b).

III this paper, we treat the dynamic aspects of lithospheric thinning by

providing coupled thermcxnechanical models, using the finite element tech-

nique, of a continental rift and platform. A model is presented to evalu-

ate the dynamic process of uplift and continental rifting. This model uses

nonlinear flow ldw, thermally-deperrdcnt material properties, thermal

gradients varying from contint~ntal rift to platform, a:xi the 8ouss~ncsq

approximation of tempcraturt? dcpend(?nL.buuydncy to ~irivu tlw uplifL. i;()11-

strdint~ for new dyndmic models are birs(?don geologic dnd geophysical ddtd

such as uplift, u~litt rates. cu~l~zoic v~lcanisnl in New M~xi~o, ~rllsl,iln(l

mdnLlu gcot.h(?rmsfrull rift and l)l~Lform, ,lnd ~)r(?snntsurfac(’ heat flow.

Uplift ra cs IInd mtlgnitucks for northern New M(!xico IIr(!c,IlculcItcdfrrml

regionally avcr{]ged topography. I)lllt’ol)ot,lflicdlddt.tl,dnd Jtrdligr[lphlc

relations. Wist dn(lmarll.legeotih(~nllsdre dot.(wiwd pof.rologicdlly usinq

n[lt.urdlxcnoliths which prnvid(! P, 1“(l~lt.il.A suiL[’ of temperature colI-

dition: is dD.IlyZL?d to ShOW th[! s[)[xLrIBIIOf ttlc?rnl~och,~~~l[:,}lh{41,1vior

4



during development of a continental rift. This dynamic study is the first

te consfder the deformable lithosphere and convective flow in the under-

lying asthenosphere for the Rio Grande rift.

REGIONAL UPLIFT

Modeling regional uplift requires knowledge of an initial undeformed

structural datum, the amount of uplift, and its duration. A number of

geologic events, such as formation of the late Eocene erosional surface of

the southwestern United States, deposition of widespread Miocene basins,

tmporal nature of magmatism and volcanism including a mid-Miocene lull in

volcanism, duration of uplift, and present elevations, bear directly on the

mechanism of continental rifting.

The post-Laramide, late Eocene erosion surface of the southern Rocky

Mountains and Datil-MoQollon volcanic field of west-central New Mexico is a

fundamental regional structural datum (Epis and Chapin, 1975). The 1ate

Eocene erosion surface had initially low relief of +0.5-0.9 km *3!i m,y.

ago. Regional extension began~29 my. ago (Chapin and Seager, 1975), with

little uplift and development of broad basins in Miocene time along the

length of the rift from 26-10 my. dgo (Chapitl, persondl Conwnunicatiun,

]979), Present uplift occurs over a broad region in New Mexico. Figure 1

shows regioni~lly dveraged topography ranging in elwation from *1.2-2.4 km

(Aiken et al., 1978). The maJorit.y of the Kio Gr(lnde rif-; occurs in

regions showing topuyrdphy of 1.5-2.1 km. [f the Locene erosion surfacu

was at elevations of 0.5-0.7 km (tpis and Chiipin, 1975; Axelrod anli!hIiley,

197(i), therl relative r~gion~l motiorl would bc 1-1.4 km. Since geologic

rplations in latest Miocene t.iml?@10 my. ago dale the onset of motion,

t-cyiondl uplift ~lso occurre[i with [lrr!ldtivc vulocity of 1-1.4 km/][) My.

~



CENGZOICVOLCANISM AND THERMAL EVOLUTION OF RIFTING

Thermal evolution of tne Rio Grande rift is indicated by the spatial,

temporal, and chanical nature of volcanic and plutonic rocks. Chapin and

Seager (1!375)documented 161 K/Ar and fission track dates of late Eocene to

Holocene age in New Mexico as shown in Figure 2a. There are clearly two

temporal maxima at 40-20 my. and 15-1 my. ago separated by the Miocene

lull. Taken at face value, this would suggest two thermal pulses within

the lithosphere since formation of the late Eocene erosion surface.

Application of a spatial filter reduces the complexity of t!le thermal

pulses. Most of t!le rocks shown in Figure 2a in the time ~oan 40-20 my.

ago are fran thy Datil-Mogollon volcanic pile in southwestern New Mexico

(?lthough the most of the stocks and dikes are associated with the Rio

Griinde rift (Chapin, personal ccmnnunication, 1979). Hence, although some

volcanism is associated with the rift prior to the Miocene lull, it is

small in volume comp?red to the basaltic volcanism of late Miocene to

recent time ([}.g.,Baldridge, et al, 1980). Note in Figure 2b the region,~l

distribution of volcanism from Color~do to central New Mexico.

The presence and age Gf basaltic volcanism of <10 my. age indicates

melting and magma formation in the lowermost crust and uppermost mllnt.lu.

Although basaltic volcanism (basaltic dndesites of Chapilland Se~ger, 1975)

occurred prior to th? Miocen~ lull, only small volumes of rocks occur in

the Lspanol,l, Albuquerque, southwn San Luis, ,:nd Arkansds basins. Thu

relativ~?ly voluminous fields of the T,IOS l)l~teau. Jemez Mountains. Cerrnt

del Rio, Mt. Taylor, Cat Hills, Hind Meqa, and others followed the Miocww

lull. It is t~llpt.ingto postulate thermal chnngcs such iIsmdss flux illl.h~!

Iit.hosplwrt i]nd incre~sed surf~c~ hedt flow bawd on the simple function

shown In fiqurf?2C.



lHERMAL GRADIENTS OF A CONTINENTAL RIFT

A continental platform geotherm has been determined for the Colorado

PIateau to depths of several hundred km by McGetchi n and S~lver (1972),

shown in Figure 3. The continental rift geothenn, shown in Figure 3,

canposite geothenn utilizing geobaranetry from crust and mantle xeno’

principally at Kilbourne Hole Maar, New Pkxico. Geobarometry data are

cussed by Bridwell ~nd

32”C/km and agrees uel”

mined by Decker and Sm

is a

iths

dis-

Anderson (1980). The crustal segment has a slope of

with an average surface heat flow of 2.5 HFU deter-

thson (1975) as shown by Padovani and Carter (1977).

The asthenosphere is modeled as a sub’,olidus regime beneath the continent.

Since temperatures beneath the continental rift are excessive at relatively

shallow depths in the presence of Hercier’s (1977) 4’C/km gradient to 100

km, we assume a superadiabatic gradient to 200 km and an adiabatic gradient

(0.5“C/km) for the rift geothenn below 200 km. This results in a tempera-

ture incre,lse of ~100”C relative to the continental geothenn at the 400 km

olivin~-spinel phase transition.

,.

TIII.KMOMI:CIIANICALMOIXL

Recent work h~s produced one-dimensional models cf the coupled thenno-

mcchanical st.ructurt?of oceanic and continental llthosphcr-es (Schubert and

Turcotto, 19)2; Froidw,lux and Schubert., 1975; Schubert, et al., 1976). A

quasi-two dimension[]l mod(!l of oceanic mantle circulation with p~rtl~l

shallow return flow cotlsidurs pl,l~e stwsses (!ichul)ert.[+t al., lYIU).

this pirpur,w consider thu fully two-dimt?nsiol~lll, coupled thermauech~lll

hChilVILIPof d continental rift and pl,ltform. The thermal and much,ln

structurl? of d continontdl I

r



several effects; the dependence of viscosity on temperature, temperature

dependent matwial properties, and the Boussinesq approximation of density

change due to temperature.

A conceptual two-dimensional model initial conditions for a continental

r;ft and platform in plane strain synmretric about the ordinate, is shown

in Figure 4. The relatively cool continental platform on the right has

negative buoyancy whereas the less-dense relatively hot continental rift on

the left has positive buoyancy. The relative positive buoyancy causes

asthenosphcric flow toward the rift at depth, hot buoyant upward diapiric

motion beneath the rift, and lateral shear flow outward beneath the crust

associated with uplift of the shoulder of the rift. In Figure 4, we list

thermal and mechanical quantities required by our models.

At the surface, we specify the temperature T = To. At great depth (400

km), we specify the mantle flux q=. Adiabatic conditions are specified on

the vertical boundaries. The heat generation H and the thermal con-

ductivity K vary within each layer. The densities are shown for each

layer. Mmll,lnical bound,~ry conditions consist of no flow across either the

400 km olivine phase transition or the vertical boundaries. The upper two

ldyers are lithosphere with crust and upper mantle whereas the lower layer

is [l\Lhenosphcre. The unknowns of temperature, effective viscosity, heiit.

flow, and topography at-eprovided by model c~lculations.

Our mod(!l includes the following features:

(1) 1ine,lr or nonl incdr flow law rcl~tiny shenr stress, shear stress

rdl,e,and strairlrate, L(1.1,

(2) temperdture- and l)rnsslrc-dcl~ond[qr~tviscosity,

(3) lellll~eratljre-dellendcrlttherml curv Ictivity,

(4) t~wl~)er,lture-del]end~nthulk coeff icieni.of thermal expansim



(5) temperature-dependent density through Boussinesq approximation for

buoyancy, Eq. 4,

(6) material convection using a frame invariant stress rate,

(7) e free surface, and

(“) an elastically deformable crust.

The equations

rift and platfotm

MATHEMATICAL F(.JRMULATION

governing the thermanechanical behavior of a continental

are the constitutive law and the two-dimensional equa-

tions of energy conservation and stress equilibrium (Anderson and @ridwell,

19e0).

The constitutive law used for describing the mechanical behavior of the

model is of the form

(~) ~ x Ls● =
Cij E ‘ij - E 6ij “k[ + n ij

(1)

where ;..
v

lJ
is the strain rate tensor, CI..

lJ
is a frame invariant stress rate

tensor (Prager, 1961), sij is the stress deviator tensor, v and E are

Poisson’s ratio and Young’s modulus respectively, and n is the materia’

viscosity. In Eq. (1) *he +icial nOtdtiOn is applied (i, j = 1,2,3)

repeated index implying a sunmation and with 6.. = O, i+j or 1. i=j be
lJ

the

and

with

ng

Kronecker delta. The viscosity is determined by the state of stress

the tempera! ire through an equation of the Weertman fcrm,

(E* + PV*)/RT ,ll=e (2)

AI ‘- 1

where A ~nd n dre

activation energy

experimentally determined constants, E* and V* are

and volme respectively, P is the mean stress, R is the



universal gas constant, T is the absolute temperature, and T is the

effective stress given by

❑ (1/2 s 1/2T ,j ‘Ij) “ (3)

The Boussinesq approximation assunes that density variations due to

changes in temperature occur in the gravitational or buoyancy twm of the

equations of motion. All other variations in density are neglected. The

approximation is justified if variations are small compared with the mean

density of the rock. Dynamically important variations in density, ignoring

the effect of phase chanqes. can be written as a function of temnera.ure

alone

P = Po[l + a (Tr-T)] (4)

where PO is mean density at reference tempsratu~e Tr, T is the temperature

of element, and a bulk or volume coefficient of thermal expansion.

The energy equation is

aT a2T
O:p —-” = H + K~+ c ;

at ax ij ij
(5)

where Cp is heat capacity, H is heat generdLion, K is thermal conductivity,

ando. .and~..
lJ ?J

are the stress and strain-rate tensors. Agai~, repe~ted

index cycles summation over that indr+x. T!lefirst term represents ni~t~~i~l

convection, the second heat generation, the third heat conduction, and thu

last tenrl is she~r strain heating.

Equation (1) - (4) together with the c~’lilibriurnequations, the strain

rate-velocity relations, and Lhc definition of the fra~le invariant. stress

1(I



rate (Prag~r, 1961) constitute the physical equations of the thenno-

mechanical model. The equations are discretized using the tinite element

method and a numerically stable time stepping algorlttwn is used to advance

the physical quantities stress, temperature, and velocity from an inititll~

specified equilibrium stress and temperature state. Details are given in

Anderson and Bridwell (1980).

The behavior

eters as thermal

THERMO!4ECHANICAL MATERIAL PROPERTIES

of the equations of motion depends on such material param-

conduct~vity, heat capacity, density, bulk coefficient of

thermal expansion, elastic modulus, and non-Newtonian theological coef-

ficients. Each will be discussed in detail below.

Thermal conductivit!es have been measured in surficial granitic rocks.

Of 100 values, the average is 2.3 W/m”C (Blackwell, 1971). No temperature

variation is known. For upper mantle rocks, such as pyrolite or spinel

lherzolite, Schatz and Simmons (1972) found a temperature dependence in the

range 325-1625°C for polycrystalline forsterite-rich olivines. In our

model, conductivities of the crust are from me~sured values cited by

Blackwell (1971) and conductivities of the mantle are from Schatz and

Simmons (1972). The heat capacity is assumed constant at @125Ll J/kg”C.

Densities are based on seismic profiles using the well-known relation

between P-wave velocities and density. Decsities are 2.7 g/cm3 for t~

upper crust, 2.85 g/cm3 for the lower crust, 3.3 g/cm3 fur the cold upper

mantle, and 3.2 g/cm3 for the low velocity zone in the mantl~ (Olsen, et

al, 1979).

The bulk or volume coefficient of therl::,tlexpansion varies linearly

with temperature. Several miners” s arc shown to increas~ l.heirthermdl

11



expansion linearly to 800”C (Skinner, 19G6). We use crust and mantle ther-

mal expansions from Skinner extrapolated to 14t)0’Cbecause of the clear

separation in a’s for feldspars and olivine/pyroxenes. For feldspars of

‘6”C-1 whereas for olivines and pyrox-Ab56-An44, a ranges frm 12-24 X 10

enes a ranges from 26-40 X 10-6”C-1.

Elastic moduli are chosen as a maximum uf 1 Mb for crustal materials.

Because of the stability criterion on time steps for the finite element

method (Anderson and Bridwell, 1980) the elastic moduli are decrfiasca as a

function of temperature to values @100 bars in regions at temperatures of

1400”C.

We assume that the creep law describes the Newtonian rheology of the

::~ustand the non-Newtonian rheology of the m~ntle using for d~ta that of

high-temperature dislocation creep for dunite. For the Newtonian behlvior,

we ehOOSe a crustal viscosity which provides uplift rates of the free sur-

fdce consistent with geologic data. The mantle rheology is non-!lewtonian

and we use an exponent of 3 on tileeffective stress. A suite of models w,is

evaluated to predict va!u~s nf I*, V“, and A for the rift. We eventutllly

r~n models c!escribld with E* ❑ 110 kcal/mol, V* = 17 cm3/mol, and A A 3.4

Kbar-2s-1. Ttiesc v~lues are consisterlt with exp[?rimenldl determinations oi

a “wet” dunite rheology as defined by Carter (l!l/ti).A recent determina-

tion of V* = 14: 3 cm3/mol has Iwvf, lvovided by Ross et al. (!~)g).

Latcr,lldistrihu’:ior~of hofit.gorler,lliorlis dssmml to givu smooih t.ww

peraturc profiles rdnging from low temluqrdtllr~,vof”d conl.irluntdlpllll.form

(600”C) to a succcssively incrc[lsino suit.uof high tlmlpt’rllf.urustor d con-

t!nent~l rift (>’RIO”C) ,ItLhr crusl.-nl,lr~l.luilll.w”r,lc~?.Thu rift h(?,ltgPn-

cr~ti[m V,IIUCS from TatIle 1 ~r[’,lrhitr,~rilyimposrd (io km frmrltho lrfl.

m~lrgir]of thu rnodul, which. by synunulry, is thv crnl,ur of thv rifL.



TABLE 1 HEAT GENERATION TO PROIUCE THERMAL GRADIENTS
Continental

Continental Rift PIatform

Temperature at base of crust (40 km)

T=750”C T=875’C T=1OOO”C T=600”C
q~=71mW/m2 q~=88mR/m2 q~=105mW/m2 q~=59mU/m2

=1.6 HFU ❑1.9 HFu =2.5 HFU ■1.4 HFU

HCaU HGU HGU
Depth

O-IL) 2.1 201 2.1 2.1

10-40 1.18 1.37 1.65 0.88
——.—

40-100 0.23 0.20 00186 0.025

100-200 0.095 0.073 0.069 0.025

290-400 0.026 0.021 0.013 0.025

1. A basal flux of 4.18 mW/m2 is ~pplied

2. 1 IIGU= 10-13CW:II13S ❑ o.41Ml w/ll;J.

3. (1s is sln’fdcr”heot flow where 1 llflJ=

al {1dcpLh of 400 km.

? 2i(l-bclll/Clll”s v 41.11IllW/Ill,

DIXUSS1ON (JtRLSULIS

The fully two-dillll!~lsiotl(]ltherrnollech~nic.11problwl is forruid,d?ld The

mathculatic~l tormuldtiou nrovldes temi)(’r~ll.uruT, v(!lociLi(!sII,v, and

uft’ectivl!V~WOSity rIJS utlknuwn!i. W(IrIxlIIrvS(MII(Ioi ttw non-uni qu(?twss by

requiring vcrt.icdl Lcmpur,lturd prufilcs on LINIl[’tf.-tlfl(l-ri~ltlt-ll,lfl(ibuull-

dllricsof the mo[l~l Lo concur wiLh l“igurv J. Wr I-[?quiro Lho m,lntIu vis-

cosit ius to b[’dctwmlrwti hy uxlw-im[vll.[lllll(lllsll~.(}illl’ntsof dunlLc itrl(t

rqiontll g(!oLhQTIIIstilthough crusLirl viscosit it’sdru Lruly urlkrmwn. Slnco

ttl(!rois ii rdrlguuf Iilc(lsllrl?lll(!nl.sfor f“lowcof~tticiorli.sof lq. t ,1swrll ,1s

13



a range of temperatures from Figure 3 which determine the viscosity and

hence the velocity fields, we have conducted a nlnnber of numerical

experiments to predict the viscosity. We have estimated the crustal vis-

cosity by varying coefficients to obtain free surface velocities in

quasi-steady-state flow which are consistent with geologic calculations of

surface motions mentioned in the section on regional uplift. From these

numericdl experiments we present calculat

ture, and velocity fields associated with

A succession of thermal solutions was

mechanical behavior of continental rifts.

ons of the viscosity, tempera-

formation of a continental rift.

investigated to eVdlUdt(! thermu

Eq. 5 is solved at t- with II

specified in Table 1. These solutions produce temperature at the base of

the crust of 750, 875, ~nd 100L)”Cwhich are equivalent to heat flows of

1.6, 1.9, and 2.5 IIFUrespectively. Figure 5 shows isotherm contours of ~

rift modl:l symmet c about the left ordinate. These thermal fields produce

sufficient tempcr~turu differences to generate density chcingos (cf. liqs.4

~nd !))which drive buoydncy iindcreate uplift. Density chdnges of less

th~l]J% of’rcgiun,ll values ar(?sufficient to produce regionill Uplifl.

Positive buoydncy ~ssoclated with the temperature incre,ls~ciIuscs

sub-sol idus flow of cru~t dnd mllnLlu mdteridls frcmlrcgiotlsof t“cl,lLivi?ly

cool continl?nt to hot.rift. rr(?c surfdce velocities drc w? of th(?un-

knowns of the nmm-ic,ll c~lcul ation. The veriic,ll frw surf~icemotion ,)1.

the cell~ur of thv rift is show, itlI“iguruh for surfdcc INML flows htlvin!l

thu rl]n!lo1.(J< (!s< ~.b IU’U. tilth f.imc, v(!locily shows dII iflitlill r,l~~i(l

d(?cay for 4 111.y. follo~!d hy d l!J-20 111.y. p(!riori Wt]er[! v(!l,)clties ,lrl~

qlIilSi ”St(!iKly-Sttlt.(!. l’h(! Iflif. idl (kcdy r(!prl’sl’fits rf!l,lx,lLiotl frtilLh~’

(?St.imtltudullls:,lcpr[$-sl.rcssStiltj(! to tlh. bl.(!d(iy-sl.df.{’ crtwp flow hollllvior.

14



We shall use flow velocities from the model for 8<t<25 my. for further

discussions of steady-state creep and formation of continental rifts.

Although temperatures at the base of the crust vary considerably,

vertical crustal velocities fr(mrFigure 6 for t > 3 my. fall in a rela-

tively narrow band of 0.5-1.3 km/10 my. Figure 7 is F plot of vertical

velocity versus depth fcrr the symmetric centerline O’

Velocities of the hot buoyant mantle diapir are @l.?

tion for the variations in relative velucitles lies

the rift model.

km/my. An explana-

n the differing

behavior of the lithosphere and asthenosphere. The lithosphere is capFcd

by a elastic crust with large temperature changes, yet which has only

limited ability to creep. The upper mantle and asthenosphere are composed

of mantle materials whose creep behavior is quite sensitive to increased

temperature although these temperature changes dre smaller. The lithos-

phere moves rather slowly, reg~ !less of the surface hefltflow, only

show~ng a sm,~ll increase in velocity with incr~asinq tcmpwaturc. In

effl?ct, it tends to damp OIltmotions of the hot buoynrrt asthcnosphoro. In

contr~]st.,the buoyant ~lsthcnnspherw l]~?ne~lt,hthu rift mov(?s IO t.imcs fdslt!r.

conducting hmt and m,tss upw,]rd.

Ilorizutlt.,11motldu ULCUI’Scol]collll:liL,lfll.lywilh Ilplifl. Ilorizonl,,ll

the trev surfdce drc zwo at the symetric corlt.ur’lirw,Ind

km/lo my. ,Itdistirnccr of 90-l!J[)kIIIfronl lhu rift. Th{~

ocitt[?s al.I.hvcrusl.milrlllulf~l.[lr’f,lct’,Irv5-1(M highw lhdn

1!1



Instantaneous velocity

(V<O.05 mn/yr) whereas

(Vwl mn/yr) are large.

vectors of the lithosphere (Z<1OO km) are small

the velocities in the asthenosphere beneath the rift

These cross sections Illustrate the shape of the

velocity flow field where

towards the center of the

beneath the lithosphere.

hot, buoyant asthenosphere flows laterally

rift, ascends vertically and spreads outward

As heat transport and surface heat flow increase,

the veloclty function of the hot buoyant mantle diapir Increases by a

tactor of 10 as shown in Figure 7, the half flow field narrows frail>175 km

to*100 km as shown in Figure 8, a marked temperature increase occurs In

the lithosphere

lithosphere and

#2~0 km wide at

beneath the rift, and transverse shear Increases between

asthenusphere. The actual hot, buoyant mantle diapir is

depths of 200-300 km, Increases its width to 300-400 km at

the lithosphere-asthenosphere boundary, thins thu lithosphere, ~nclcrc~t~s

broad crustdl upwrp assoclat.ed witl,md.im’ continental rifts. In effect,

thu buoyant process narrows dnd concentrc~tes heat trdnsport benmth the

rift, incredses upwtlrd Vulocit,yo [Irchos tho 1itllosphcr~,~Ildgwwr~itp’,

brodd surfdce SW[?llS,iIWPI1 known clmr~cteristic of continontdl rifl~

sincu Grugury (1!)21) dufined the sLructuru ~nd

rifts.

The ~ priori chuicc ot tI 400 km dcop mudul

thim glob~l solution to m(lntlu COIIVCCLIOII This !OCLIIsolutlon dous IVQIJ-

dlct uplift riitus{Indm~ntlo vlscosl!iics whicl; ,Iru i~lmxml with yrlI-

loglcdl dtitd ,Iml rulxmd studlwi of vlwoslly (CdthlwS, l~lb; Ildgcr ,IIKI

()’Connrll, 1[1/9). IIN! vlscusl~y strucl,uro l!; dlscussod ill il rOllOwiil!l



lower mantle (670 < Z < 2,900 km), our local model is consistent with

convection theory.

Creep coefficients A, E*, V* , and n from Eq. 2 have a range of behavior

depending on :, T, and material (Carter, 1976). In general, as E* and V*

increase, the viscosity increases and velocities decrease (both in a Onon-

linear fashion). The parameter linearly scales the viscosity (Eq. 2). The

free surf;,~e velocities are determined by the viscous creep of Eq. 2. For

the quasi-elastic crust, n is assuned to be 1, V*=O, whereas A and E* are

scaled to produce a viscosity. This viscosity is actually unknown - its

value controls surface uplift and hence if we can predict free surface

velocities, a constraint has been placed on crustal viscosities associated

with rifting. A wide range of material parameters for A, C*, V*, and n

was studied for upper mantl~ materials. An A= 3.4 Kbars-n. n = 3, E* Y

110 ‘Cdl/mOl[!, ,*ncl V* = 17 cn~J/mol is used in this study.

Thu viscosity of the lithospil(?reand asthenosl]h(?reis showtl in Figure

~m Figure !lii shows the gctwr,ll ch,]ractw of thr two-dim[?nsiorralviscosity

f’i[pldfor colll.in[snt,llrift.iIndpldtfornl, The incre~se of t.cmpcr,~turwilt

Lhv b,lscof the crust and sul)s~qu(?nl.incrwsu of surt’,lcuhml. flow from 1.0

to ;!.!]111:11produced il docruds[! in crust,ll viscosity by iifdctor of 7 frm

I x l(i~b10 l.!)x 1025 lmisr (SCIPFiqur(t ()) dnd an incredsv in frc(? surfd(;(’

vclucity hy ,1 I“,ict.or of 3 froin ti.!I to 1.3 kltl/10 my. (SW ~i!]ur~!()). rho

num[’rlc,llslnlull]tionssu!l!lost,,1crustdl viscoslfy of”>107!) polsl? is ~p[vwp-

riill. [’t A I)rvdd, rul,ltivcly low vlscr~it.y rP!JiOn uccurs IW1OW thu rift in

tht!dsl.tl[!llos[)tl(’r(’.A rol,ltlvi~lySIIIJII I,tl.or,itviscosity v,lri~tion occurs

in tho llttu)sllhoru,with uquivill[’ntvtlrillt.ion occurr!n!) in the crust. As

onv pro!jr{’sspsdw,ly frcnnt,hvr If1.,viscosity lllcruilS[?5dnd t.ho Iithosphvru

1/



thickens. Figure 9b shows viscosity minima of *1022 poise beneath the rift

and ~1023 poise beneath the platform.

The viscos++y structure of .he earth has been studied in the past 45

years using post glacial rebound data, non-tidal, secular angular

acceleration of the earth, polar wanderinq, and microscopic mechanisms of

flow in solids by a host of researchers. The notable studies of Cathles

(1975), Peltier (’976), and Hager and O’Connell (1979) review the viscous

nature of the solid earth. Present evidence is consistent with a mantle

with viscosity on the order of 10
22 poise overlain by a low viscosity layer

of undetemlined thickness and viscosity (Hager and O’Connell, 1979). It is

likely that mantle viscosities are 1-2 orders of magnitude lower under

oceanic and tectonically act

kinematic studyof large sea’

found that the predicted dip

seismic dip using the follow

ve continents than under shields. The glob~l

e mantle flow of Hager and O’Connell (1979)

of flw for subduction zones agreed best witil

ng model. A Newtonian visco~ity of 1025

poise, extending to depths of 64 km, ovcrllus a thin low viscosity l,~ycrof

4 x 1020poise. The lower m~ntlc is modeled iJS d constdnt viscosity 1022

poise. This model is similar to th~t of Uathles (1975). Note th,ltth~?

viscosity mo~els of Figure 9 dru simildr, e.g. ii lithosphere of ml(l
25

[)i)iso

overlyi,lg an asthenosphere of ~1023 poise with iituctonlcdlly actlvc COII-

titlenldl rift hdVinY a viscosity of 1022 puisu.

A tenuous trail Is wnilable to cxpl~ill initi,llconvection of milss ,lnd

heiIt into the lithusph~grf’. The r~tu uf rift volc~nlwn, a surfiic~pexprcs.

slon of deep seated convection, is small during Oliyrct!n[!to ldtl!Mluc(?nu

tlmc (40-70 my. dgo). A sh,lrp Increase in rift volcanism occurred 1o1-

lowlng tho Miocct)e luII 1/-13 my, dy(i, indic~ltinqIInlilJorchongu in

crustdl ml~gmiitlw dnd implying convectlvu sourws of h~ult in Lhc lowur

1N



lithosphere and rapidly increasing teinperatures at the base of the crust

(see Figure 2c). If the proto-rift region had a nearly continental geo-

therm and average surface heat flow (~1.4 HFU), prior to the Miocen~ lull

its viscosity would have been greater than shown in Figure 9 resulting in a

smaller free surface velocity. Hence uplift might have been small. Con-

vective heat transfer following the lull could have increased crustal tem-

perature, decreased mantle and crustal viscosities, and increased surface

velocities to values of 1 km/10 my. Free surface velocities of 1-1.5

km/10 my. for present surface heat flow of 2.5 HFU and crustal tempera-

tures of OIOOO’JCsatisfy geologic evidence for uplift. Regional uplift af

1-1.5 km produced present topography of @2 km (see Figure 1); uplift began

@10-15 my. ago based on paleobotanical evidence and block faulting.

Recall though, that this is a tradeoff because crustal viscosities are

unknown. If crustal viscosities are larger (e.g. 2 x 1026 poise) free

surface veloc~!ies are smaller (e.g. 0.1-0.5 km/10 my.) and regional

uplift would take 30 my. for present ternperiitureand heat flow. Figure 1(I

shows d comparison of measured, regionally averaged, and calculated

topogr~phy for the Rio Grande rift.

CONCLUSIONS

Present geologic features of the Rio Grande rift include regional

topc)grdphy )2 km, surf~ce he,lt flow of )2.5 IIFU, a geothcrm with gradient

>30’’C/km, temper~turus ~t the base of the crust.of @lOOOL’C, and an increase

in rift.volcanism In late Miocene time. Geologic constraints on rate of

uplift, basud on itwptfon of block f(lult,ingand p(lleobotdnicdl evldctlce,

sugges~ this uplift w~s inlti,lterl10-15 III*Y. dgo OH d broad regional scale.

A concurrt?nt outpu~ring of volc~nics occurred over ,1ldrge portion of thd

19



rift, These geologic data are used to provide constraints for the many

unknowns of the thermomechanical problem. A suite of thermal profiles is

evaluated to describe the viscosit.v structure, velocity profiles, and

uplift of the rift.

Temperatures at the base of the crust have the range 600 <

i-orcontinenr and rift. The crustal visccsity, which provides

T < 1000”C

final uplift

velocities of 1.3,km/10 my. at a surface heat flow of 2.5 HFU, is C x 1025

poise. The coefficients of the Weertman creep law, Eq. 2, which provide

22reasonable flow velocities of upper mantle and viscosities of 10 - l@22

poise, are A ❑ 3.4 Kbar-n E* = 110 kcal/mol, V* = 17 cm3/mol, and n = 3.

The steady-state creep field has a zone of flow toward the rift at asthen-

ospheric depths of >325 km, a region of hot, buoyant uplift @150-200 km

wide between 200 and 300 km depth, and an outward spreading lobe @300-400

km wide in the upper asthenosphere beneath the rift. Free surface veloci-

ties range from 0.5 to 1.5 km/10 my, as heat flow incre,]ses from 1.6 to

2.5 HFU for the relatively st’ff, viscous lithosphere. Vertical velocity

profiles through the miiritledidpir increase from 1.8 krr:/10 my. bene,]th thi?

cold continent to 1.2 km/my. in the buoyant mantle dicrpir bcnedth the

rift, a fector of *1O. I{orizont,llspre,lding velocities ~r(~@l km/1(1111.y.

to provide spre~~ .,grates approxlmdtely thu same as upl ift r~tes.

rift process narrows and concentrates he~t trarr:;porthenetlth the r

Increases upward velocity, dnd bro~dly arches the Ilttosphere, Cd’

topography reach(:s~ mdximum VJIIIPof ? km (Itthe cent.inuntiilrift

Th(?

ft,

Culdt,l!(l

i)nd

diminishes in accord with me,lsured t.opogr~phy tow,lrds the continental l~l,lt-

furm.
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The crust, acting as a elastic/highly viscous body, and the relatively

cold upper mantle, which together ccnnprise the lithosphere, exhibit a pro-

found effect on thermcmrechanical processes of continental rifting. This

‘cap’ damps out cow?ctive motion, aids in broadly spreading uplift because

of shear tractions at its base, absorbs vast quantities of heat, and

resists brittle deformation. Flaw in the underlying asthenosphere becorles

decoupled througil the irlcrcase in velocity and sharp reduction in vis-

Coslty.
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FIGURE CAPTIONS

Figure 1. Regional topography of New Mexico. The Rio Grande rift is
outlined by the hachured region. Contour interval in feet.
Modified from Aiken et al. 1978.

Ftgure 2. Cenozoic volcanism, tectonic evolution, and schematic thermal
history of Rio Grande rift. (a) 161 K/Ar and fission track
dates from Cti~plnand Seager, 1975. (b) Tectonic evolution of
Rio Grande rift north of Socorro, New tkxico. (c) Postulated
thenna? pulse associated with rifting in New Mexico. The
pre-Miocene-lull thermal pulse is schematic because most of the
data set represents age dates from the Datil-Mogollon volcanic
field.

Figure 3. Continental rift and platform geothems. The continental
piatfonn geotherm is shown as a heavy dashed line (McGetchin and
Silver, 1972). The continental rift geothenn is shown as a
heavy stippled line. The remaining solid lines are extrapolated
to temperatures of the olivine-spinel phase transition. Numbers
in parentheses above the rift geothenu represent gradients in
OL/km. Numbers at Moho depths represent the surface heat T1(.IW
in neat flow units (HFu).

Figure 4. Schematic diagram of +hermwncchanical model, constraints, and
unknowns for numerical calculations of rifting.

Figure 5. Temperature profiles beneath d continental rift and platform.
The not?tion of increase in surfdce heat flow from 1.6 to 2.5
liFU is shown on the top left bounddry of the model. Note
increasingly higher temperatures at shallow de!]ths. These cdses

are shown in profile from Figure 3.

Figure 6. Plot of free surface velocities a< d function of time for sur-
face heat flow 1.6 < q < 2.5 !i;~u. Velocity prcfiles occur on
syrmnetric cent~rlind of model.

Figure 7. Steady-state velocity profile as ~ function of dei)lh, thu
lithosphere and asthenosphere for continental rift. This figuru
is ~ snapshot of the instantaneous velocity field for t @l!i 111.y.

as q ranges from 1.6 to 2.5 HFU. A priori, the base of tlw
lith~si]here is that ch~nge in slope where the velocity incre,lscs
markedly. Note that there is little change where q ~1.~) IIFU
whereas the incre~se in heat trlins;)orcthins the li~hosphcrt? ~s
qs *2.5 IIFU.
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Figure 8. Two-dimensional steady-state velocity flow fields as heat
transport in~r~~ses beneath Rio Grande rift. suc~e~sive
snapshots of the instantaneous flow field at t @15 i)l.y.show the
growth of the hot, buoyant mantle diapir beneath a continental
rift.

Figure 9. Viscosity of a continental rift and platform.
a. Two-dimensional variation of viscosity for present surface

heat fl~w of Rio Grande rift.
b. Range of viscosity and minima as temperature increases at

b~se of crust beneath rift.

Figure 10. Comparison of surface, regional, and calculated topography.
Surface heat flow for Ehikal and Rio Grdnde rifts are dlso
shown.
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